Background. It is hypothesized that free radical damage contributes to aging. Age-related decline in activity of the antioxidant enzyme glutathione peroxidase (GPx) may contribute to increased free radicals. We hypothesized that GPx activity decreases with age in a population of older women with disability.
I
NCREASES in oxygen-derived free radicals and resulting molecular damage and inflammatory pathway activation are hypothesized to contribute to biologic aging (1) (2) (3) . The antioxidant system consists of intrinsic enzymes and extrinsic antioxidant nutrients, which serve to reduce free radicals to less toxic states (4) . The identification of altered components of this complex regulatory system could provide important insights into the biological basis of increased oxidative stress in aging humans and into potential targets of clinical intervention (5, 6) .
Glutathione peroxidase (GPx), an enzyme dependent on the micronutrient selenium (Se), plays a critical role in the reduction of lipid and hydrogen peroxides ( Figure 1 ) (6) . If GPx activity is decreased, more hydrogen peroxide is present, which leads to direct tissue damage and activation of nuclear factor-jB-related inflammatory pathways (2, 3) . There are four subspecies of GPx that catalyze the reduction of hydrogen peroxides in specific tissue locations (6) (7) (8) . GPx1 is ubiquitous and found in the cytosol of most cells, including red blood cells (RBCs). GPx2 is also cytosolic but is confined to the gastrointestinal tract. GPx3 occurs in the plasma as a glycoprotein, and GPx4 interacts with complex lipids, such as cholesterol and lipoproteins damaged by free radicals, and is found in mitochondria (8) . Some studies in adult populations suggest an age-related decrease in activity of antioxidant enzymes (9, 10) , consistent with the hypothesis that increased free radical damage contributes to aging (1) . A recent study provides evidence that lower levels of Se may contribute to inflammation and mortality in older women (11) . However, few studies have examined the activity of GPx, which depends on Se for its activity, in adults older than 65 years, and fewer studies have examined GPx activity in adults older than 65 years with comorbid illness and disability. This population best reflects the accumulation of free radical damage that results in age-associated conditions, in keeping with the free radical theory of aging (1) . We hypothesized that GPx activity varies by age and would be lower in older, compared to younger, adults.
METHODS
Participants were individuals enrolled in the Women's Health and Aging Study (WHAS) I, a cohort study of the one-third most disabled community-dwelling older women in Baltimore, Maryland. Participants were recruited from a random sample of the Health Care Financing Administration's Medicare enrollment file for 32,538 women 65 years old or older and residing in 12 contiguous ZIP codes as of September 1, 1992 . Criteria for inclusion in WHAS I were women with moderate to severe disability determined by the presence of self-reported difficulty in performing tasks in two or more of the following areas: basic self-care, higherfunctioning tasks of daily living, upper extremity activities, and mobility. Further details on participant recruitment and examination have been previously published (11, 12) . Baseline demographic and health information was obtained, including blood pressure, weight, height, physiciandiagnosed chronic diseases, difficulty with walking onequarter mile, activities of daily living (ADL), instrumental activities of daily living (IADL), weight loss, and physical activity obtained from the Minnesota Leisure Time Activities Questionnaire. Chronic disease and condition information was adjudicated by physicians based on examination, medications, and medical records. Total and high-density lipoprotein (HDL) cholesterol, hemoglobin (Hgb), Se, albumin, and interleukin-6 (IL-6) information was also available in these individuals. Of the 5316 that were eligible for screening, 4135 were screened in the home, 1409 met study criteria, 1002 signed informed consent and agreed to participate in the study, and 783 agreed to have blood drawn starting in 1992. Of these 783 persons, 619 had stored serum samples. Blood samples for GPx analysis were collected between July 1993 and January 1996.
After venipuncture, whole blood from EDTA tubes was aliquoted into cryovials containing 10% dimethyl sulfoxide (DMSO) and stored at À708C until analysis. GPx activity was determined in whole blood by spectrophotometry at 340 nm and 258C using a commercially available kit (ZeptoMetrix Corp., Buffalo, NY). All samples were run in duplicate in a masked fashion.
Descriptive statistics were used to summarize GPx activity, demographic variables, and health-related characteristics. Simple linear regression was used to determine the univariate association of GPx activity with age, race, body mass index (BMI), smoking status, coronary disease (a composite variable including participants with definite angina, myocardial infarction, or congestive heart failure), diabetes, Se, albumin, IL-6, total cholesterol, HDL, Hgb, systolic blood pressure, physical activity, and weight loss. Sequential multiple linear regression models were used to examine the association of GPx with age, adjusting for Hgb, coronary disease, diabetes, and Se. In sequential analysis, these covariates were added one at a time to examine the effect of each addition on the association between GPx activity and age. Covariates for inclusion in multivariate analysis were chosen based on literature review for diseases that have been found to influence GPx activity in several previous human studies (10, 13, 14) , and not specifically based on results of univariate analysis. Hgb was added to the model to adjust GPx activity for Hgb concentration, as is convention. The presence of a nonlinear association between GPx activity, age, and BMI was investigated using quadratic and spline terms in regression analyses. Log transformations were taken for variables that were not normally distributed. Based on the results, the relationship between GPx activity, age, and diabetes and the presence of potential effect modification, and interaction was examined using stratified multiple linear regression models and interaction terms.
RESULTS
Six hundred one participants in the study sample had complete information for age, race, prevalent chronic disease information, diabetes, smoking status, and GPx activity. Baseline characteristics are summarized in Table 1 . Age ranged from 65 to 100 years, with mean age of 77.6 (67.8). The mean number of diseases per participant was 2.5 (61.3). More than half of the participants had difficulty with at least one ADL task, at least one IADL task, and walking one-quarter mile. Almost one third of the participants (n ¼ 191) reported that they were not able to Number of diseases ¼ sum of 14 major chronic diseases and conditions, including coronary artery disease (angina pectoris and/or myocardial infarction), congestive heart failure, degenerative disc disease, spinal stenosis, hip fracture, osteoporosis, osteoarthritis (of knee, hip, or hand), rheumatoid arthritis, stroke, Parkinson's disease, pulmonary disease, diabetes mellitus, peripheral arterial disease, and cancer. provide physical activity information due to a health reason. Table 2 summarizes the results of univariate analysis of the association of GPx activity with the covariates. Age was strongly and significantly inversely associated with GPx activity with a regression coefficient of À2.89 (p , .001), indicating that for each year of increasing age, GPx activity was 2.89 lmol/min/L lower. Results of regression analyses using quadratic and spline terms to test the presence of a nonlinear association between GPx activity and age were not statistically signifi+cant. After examining scatterplots of GPx activity versus age, a potential outlier at age 100 years was identified. The direction and significance of the relationship between GPx activity and age did not change after removing this data point from the analyses; therefore, this value was included in all analyses. Significant positive associations were also observed, in separate models, between GPx activity and BMI, total cholesterol, Hgb, and weight loss ( p , .05), but not with race, smoking status, coronary disease, diabetes, Se, albumin, IL-6, HDL, systolic blood pressure, or physical activity.
To further investigate the finding that GPx activity decreases with age and whether this is an independent association and if it is potentially explained by the presence of disease, we analyzed the association between GPx activity and age by using sequential multiple linear regression models, adjusting for covariates (Table 3) . Because we found Se to be inversely associated with age (Pearson correlation coefficient ¼ À0.2, p , .001), Se was also added to the model. The results demonstrate that the association between GPx activity and age is significant even after adjusting for Hgb, coronary disease, diabetes, and Se level, with a b coefficient of À2.38, p ¼ .01. The addition of coronary disease into the model adjusted for Hgb concentration minimally changed the regression coefficient, implying that the relationship between GPx activity and age is not confounded by coronary disease. However, although not statistically significant, the effect of coronary disease was of appreciable size, with a regression coefficient ranging from À17 to -21 in these models. When diabetes was added to this model, the regression coefficient was found to decrease modestly (from 2.5 to 2.2). However, an interaction term (Diabetes 3 Age) added to the model was not significant, indicating that diabetes is not a statistically significant effect modifier in the association between GPx activity and age.
To more closely examine the relationship between GPx activity and BMI, a scatterplot of GPx activity versus BMI was performed, which suggested that below a BMI of 30 kg/m 2 , the association between GPx activity and BMI appears to be positively correlated; such an association becomes less apparent above this point. We added a spline term at BMI ¼ 30 kg/m 2 to determine if it represents a threshold in the association between GPx activity and BMI (results shown in Table 2 ). This result shows that, for participants with BMI , 30 kg/m 2 , the association between GPx activity and BMI is significantly positively correlated (p ¼ .012). However, no significant association was found between GPx activity and BMI for participants with BMI . 30 kg/m 2 (p ¼ .64). In a final multiple linear regression model with BMI and weight loss as covariates, the association between GPx activity and age was no longer significant (p ¼ .061) ( Table 4 ). In this model, BMI was considered with the previously modeled spline term for a nonlinear association. Because there were 38 missing values for BMI, and because all but one of these participants with missing BMI had a missing value for weight, we performed subsequent analyses to characterize these individuals. A higher proportion of those participants missing BMI information were older and had difficulty with high functioning and self-care tasks (p , .05). GPx activity for individuals with missing BMI information was 470.0 6 157.5 lmol/min/L and was no different than for those with BMI information ( p ¼ .30). 
DISCUSSION
This study tested the hypotheses that GPx activity decreases with age in a cohort of community-dwelling, moderately disabled women. We identified a significant and independent inverse relationship between GPx activity and age that persisted after adjusting for diabetes, coronary disease, and Se level. Although this has been studied in older adults who are healthy or who have single disease states (13) , this is the first study to report the activity of GPx in a cohort of older adults with significant comorbidity and disability.
Previous population studies have provided conflicting evidence as to how GPx activity is altered with age (15). Whereas smaller studies have shown that it increases (9,16), most large studies have shown that GPx activity decreases with age (13, 17) . It appears that the age range of the participants is an important factor. In a study of middle-aged participants ages 55-69, there was no correlation found between GPx activity and age (18) ; however, a study that included participants aged 4-97 years found that GPx activity is relatively stable until age 65, and then begins to decline (17) . This finding is supported by in vitro studies of neutrophils from older adults showing lower levels of GPx activity and higher concentrations of hydrogen peroxide compared to younger individuals (19) . Our results provide additional evidence that GPx activity decline is substantial, consistent, and age-related after age 65 even after adjustment for potentially influential covariates. Because the mean age in our study is equal to the maximum age of many of the studies previously cited and because we were able to adjust for many known confounders of GPx activity, this study provides important evidence that GPx activity declines in the subset of the population that faces the greatest burden from increased levels of free radicals (20) .
GPx and Disease
Although several studies have evaluated GPx activity in healthy aging individuals, this is one of few reports of GPx activity in older adults with comorbid diseases and disability (21, 22) . Many studies have looked at GPx activity in specific disease states independently, and cardiovascular disease and diabetes have both been shown to be associated with alterations in GPx activity (23) (24) (25) (26) . Low GPx activity appears to be predictive of cardiovascular events in individuals with suspected coronary disease (27) . Although the relationship between cardiovascular disease and GPx activity was not significant in our study, the direction of the relationship was consistent with previous studies (24, 27) . Diabetes and glucose intolerance have been associated with increased GPx activity in some studies (28) and decreased activity in others (14) . It is unclear why GPx activity is decreased in cardiovascular disease and increased in diabetes, two closely related diseases. Animal studies show that induction of oxidative stress via the addition of hydrogen peroxide leads to upregulation of GPx expression (29) . With chronic oxidative stress, as in diabetes, one may expect increased GPx activity as a result of upregulation of the enzyme. However, with acute oxidative stress, as would be seen with myocardial infarction, one may expect an overproduction of free radicals beyond the enzyme's capacity and resultant depletion of glutathione, which is required for GPx activity maintenance (30) . These issues are beyond the scope of our study, but warrant consideration in future studies of GPx activity.
GPx and Body Composition
Our finding that the association between GPx activity and age approached statistical significance only after adjustment for BMI and weight loss may be the result of decreased power because of missing values for BMI. Additionally, because of missing data for BMI, which may represent obese individuals, our findings may not be truly representative of obese individuals. However, despite this shortcoming, our data provide evidence that there is a nonlinear association between GPx activity and BMI. GPx activity is positively correlated up to a BMI of 30 kg/m 2 , the standard clinical threshold for obesity. After this point, our findings suggest the trend is for GPx activity to decrease. Our finding is consistent with two previous reports showing that individuals with a BMI within what is considered a healthy range (19) (20) (21) (22) (23) (24) (25) (32) ]. Our finding that weight loss, which is an important clinical indicator of poor health status, was inversely correlated with GPx activity is particularly interesting as this suggests that individuals with weight loss are less able to tolerate oxidative stress. Future studies of the relationship between GPx activity and body composition may be improved by including information on dietary intake, anthropomorphic data, or other obesity-related hormones such as leptin in the analyses.
Besides the missing BMI data, there are other limitations of this study. First, our findings are cross-sectional. Although associations may be observed, we cannot determine if GPx activity declines with the aging of these individuals. Longitudinal analysis will help determine if alteration in GPx activity over time drives its association with inflammation and disease, or if inflammation and disease drive GPx activity. Another potential limitation is the fact that the samples used in this analysis have been stored for up to 10 years. Although there is no definitive evidence that length of storage time influences the activity of GPx in RBCs, long-term storage may still influence laboratory measurement. However, these results are similar in range to those of previous studies in which samples were analyzed immediately following venipuncture (13, 27) . Trevisan and colleagues (13) were able to show no change in enzyme activity for at least 4 years. A final limitation to be noted is the fact that this study uses secondary data to consider the relationship of GPx activity with age while adjusting for other potentially confounding factors. Although we took measures to include all potentially confounding covariates in the analyses by including covariates that have been found in previous studies to influence GPx activity, even if not significantly associated with GPx activity in our analyses, there is certainly potential for residual confounding.
These findings suggest that GPx activity varies with age, and may be altered by specific diseases and perhaps body composition. They also suggest that, although disease does influence GPx activity, age may exert a stronger influence in this population of older women. Further understanding of the relationships between GPx and other antioxidant enzymes, disease, and age in the oldest, most ill and disabled subset of older adults may greatly improve our ability to develop interventions aimed at decreasing oxidative stress and its pathological influence late in life (5) .
